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Perturbing the lignin biosynthetic pathway provides a tool for understanding the complex process of lignification.
Caffeic acid O-methyltransferase (COMT) is required to produce syringyl units in lignins. Down-regulating the
expression of its gene in poplar dramatically affects the lignin composition. 2D and 3D NMR investigations detail
structural differences between lignins from a control and COMT-deficient poplars obtained by means of two
independent transformation techniques. This first application of 3D NMR to natural abundance lignins reveals the
full side-chain network and provides diagnostic evidence for the intimate incorporation of 5-hydroxyconiferyl alcohol
into the lignins to form novel benzodioxanes as major structures. The flexibility of a plant to utilize novel monomers
to produce functional lignins provides opportunities for engineering the structure and affecting the consequent
properties of lignins.

Introduction
Lignin is a complex phenylpropanoid polymer found as a sub-
stantial component in all terrestrial plants.1 It is located in the
cell walls of conducting and supporting tissues assisting in
water transport and mechanical strength. It is also utilized as a
defense mechanism by the plant against pathogen infection.2

Lignin is polymerized from hydroxylated and methoxylated
monomers derived from cinnamic acid. In angiosperms such as
poplar the major lignin precursors are coniferyl (4-hydroxy-
3-methoxycinnamyl) and sinapyl (3,5-dimethoxy-4-hydroxy-
cinnamyl) alcohols which give rise to guaiacyl units (G) and
syringyl units (S), respectively (Fig. 1). The incorporation of
syringyl units in angiosperm tree species represents an import-
ant step in their evolution from gymnosperms. The resulting
lignin is less condensed and more easily degraded in wood pulp
production.1,3,4 Methylating enzymes, O-methyltransferases
(OMTs), are required for the production of syringyl units. As a
result, these enzymes have been targeted for biotechnological
manipulation.5–14 The genetic alteration of lignin content and/
or structure by perturbing enzymes such as COMT (caffeic
acid O-methyltransferase) in the lignin biosynthetic pathway
provides a novel tool for understanding the complex process of
lignification. By manipulating enzymes in the lignin pathway,
researchers also hope to achieve various industrial and/or
agricultural goals such as enhanced cell wall digestibility in
ruminants and reduction of negative environmental impacts of
chemical pulping and bleaching necessary in the papermaking
process.15–18

It has recently been proposed that caffeoyl coenzyme A
O-methyltransferase (CCoAOMT) participates in the produc-
tion of guaiacyl and syringyl precursors via caffeoyl-coenzyme
A (CoA) as an intermediate,14 whereas COMT primarily
contributes to the formation of syringyl precursors from
5-hydroxyconiferyl aldehyde as the major substrate.19–21 Prelim-
inary evidence from analytical thioacidolysis 13 and NMR 22,23

suggested that 5-hydroxyconiferyl alcohol (Fig. 1) is incorp-

orated into lignin forming novel benzodioxane† structures in
COMT down-regulated poplar with no detectable amounts
occurring in wild-type poplar. Here we expand and detail that
evidence from NMR of lignins of two COMT-deficient poplars
from independent transformation techniques and reveal the full
structural implications of COMT down-regulation.

Fig. 1 Lignin precursors and resultant structures in lignin. (a) The two
major monolignols, coniferyl and sinapyl alcohols, and the novel
monolignol, 5-hydroxyconiferyl alcohol, supplied to the cell wall in
COMT-deficient plants. The arrows indicate sites for radical coupling
during lignification; for the monolignols, coupling with the lignin
polymer is overwhelmingly at the β-position; coupling of monolignols
with other monolignols in reactions less prevalent during lignification
are at sites with (smaller) dashed arrows. (b) Guaiacyl and syringyl
units in lignins, and 5-hydroxyguaiacyl units resulting from 5-hydroxy-
coniferyl alcohol incorporation. Further radical coupling polymeriz-
ation reactions are primarily at the O-4-positions, with 5-coupling of
guaiacyl units also being substantial.

† The IUPAC name for benzodioxane is 2,3-dihydro-1,4-benzodioxine.
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Results and discussion
HMQC and HMQC-TOCSY spectra

2D short-range 13C–1H correlation spectra, gradient-enhanced
HMQC,24,25 correlate a carbon with its directly attached proton.
The HMQC-TOCSY experiment correlates a given carbon with
its attached proton and other protons within the same coupling
network.26 The intensities observed depend in part on proton–
proton coupling constants so all correlations are not seen
and intensities can vary. The extended correlations of the
HMQC-TOCSY spectra allow lignin components to be more
readily identified,27 but HMQC spectra are more quantitatively
accurate.

Since wild-type lignins isolated from the same wild-type
poplar genotype (Populus tremula × P. alba cv. 717 1-B4) con-
trol plants grown in both cases were similar, only one is pre-
sented and discussed. The HMQC data for the control poplar
acetylated lignin (Fig. 2b) are typical of normal syringyl-rich
syringyl/guaiacyl lignins from a variety of plants.27,28 The lignin
of the antisense COMT down-regulated poplars are comprised
of both syringyl and guaiacyl units but exhibit an increase in
guaiacyl units and a lower frequency of syringyl units when
compared to wild-type,9,12 as also validated by 1D 13C NMR
data (not shown). The sense-suppressed COMT poplars have
guaiacyl-rich lignins almost completely lacking in syringyl
units,13 as also evidenced from 1D NMR (not shown).

Important additional structural details are revealed in the 2D
HMQC spectra. β-Aryl ether (β-O-4, A) units and resinol (β-β,
C) units are well resolved in the wild-type and both transgenic
poplar lignins (Figs. 2b–d). In the wild-type lignin, phenyl-
coumaran (β-5, B) units indicative of the presence of guaiacyl
components are present to a lesser degree than B units in either
transgenic line. Phenylcoumaran units form during lignification
by the coupling of either coniferyl or sinapyl alcohol at its
β-position with the free phenolic end of a guaiacyl oligomer/
polymer at its 5-position (Fig. 1). Since lignin of both COMT
transgenic lines contains more guaiacyl units than wild-type
(due to the suppression of syringyl-lignin formation),13 it is
logical that the frequency of B units should mimic the abun-
dance of guaiacyl units in the lignin. Dibenzodioxocins (5–5/β-
O-4, α-O-4, D) result from the reaction of 5–5-coupled guaiacyl
units with a monolignol,29,30 and are therefore also correlated
with % guaiacyl content. The syringyl-rich wild-type lignin
(Fig. 2b) does not appear to have any D units. The lignin from
the antisense COMT transgenic has increased levels (Fig. 2c,
visible more clearly at lower contour levels) resulting from
the increased guaiacyl content. Both the α- and β-13C–1H
correlations from dibenzodioxocin D units are well resolved in
the sense-suppressed COMT transgenic (Fig. 2d) characteristic
of its guaiacyl-rich lignin polymer. α,β-Diaryl ether E units
are present in the synthetic lignin (Fig. 2a) and derive mainly
from nucleophilic addition of coniferyl alcohol to lignin-
intermediate quinomethanes; no detectable amount is seen in
any of these poplar lines, a sign that lignin units derive almost
entirely from radical coupling.

There is a further striking difference between the wild-type
lignin and the COMT transgenic lignins. The two transgenic
poplar lignins contain benzodioxanes (H) as major com-
ponents in their lignins. Benzodioxanes are formed by β-O-4-
coupling of a monolignol with a 5-hydroxyguaiacyl unit
followed by internal trapping of the resultant quinomethane by
the phenolic 5-OH.22 With the down-regulation or gene-
silencing of COMT in poplar it is proposed that 5-hydroxy-
coniferyl alcohol is shipped out into the cell wall where it is
incorporated into the growing lignin polymer similarly to the
incorporation of the other lignin monomers, coniferyl and
sinapyl alcohols. NMR therefore provides diagnostic evidence
for 5-hydroxyconiferyl alcohol incorporation into lignin to
form novel benzodioxane structures (H). The benzodioxanes
are readily apparent in the HMQC spectra of acetylated

COMT-deficient transgenic poplar lignins (Figs. 2c–d): the
α-proton at 4.98 ppm correlates with the α-carbon at 76.8 ppm,
and the β-proton at 4.39 ppm correlates with the β-carbon at
75.9 ppm. The γ-correlations in 2D NMR overlap with those of
other lignin units (structures A and D) but are revealed in 2D
HMQC-TOCSY and 3D TOCSY-HSQC spectra as discussed
below. The side-chain correlations agree well with those in a
model compound for the trans-benzodioxane synthesized by
biomimetic cross-coupling reactions between coniferyl alcohol
and a 5-hydroxyguaiacyl unit.22 The inclusion of 5-hydroxy-
coniferyl alcohol as a monomer in various lignins is becoming
well documented;23,31–34 these NMR spectra provide the proof
that the resulting benzodioxanes can be prevalent structures in
native lignins.

A reasonable quantification of all these units is by measuring
volume integrals in the 2D HMQC spectra.35 Since HMQC
signal intensities depend largely on the 1JC–H coupling constants
(which are all similar), and to a lesser degree to off-resonance
effects, volume integrals are essentially equal for equal numbers
of protons in the side-chains of all of these structures. Zhang
and Gellerstedt have detailed how correction factors can be
applied,35 but they represent small corrections that are not
required for comparative work. There are some units not
included in these percentages since they have no resonances in
the aliphatic side-chain region of the NMR spectra, specifically
cinnamaldehyde endgroups and β-1 structures, so the data are
comparative only and should not be interpreted as absolute
percentages in lignins. Table 1 provides quantitative compar-
isons between the wild-type and both COMT-deficient trans-
genic lines. The data for all three samples parallel the qualitative
observations made above from examining their respective
HMQC spectra. The most prevalent β-ether units A are lower in
COMT-deficient transgenics than in wild-type due to the
increased guaiacyl contents (guaiacyl units have an additional
major coupling pathway that syringyl units do not—5-β-
coupling with monolignols, Fig. 1). These β-ether units A in the
sense-suppressed COMT transgenic (53%) are at much lower
levels than in the antisense COMT transgenic (65%) largely due
to the higher level of 5-hydroxyconiferyl alcohol incorporation
(into units H). B units are comparable in lignins from both
COMT transgenics (13 and 12%), both reflecting a substantial
increase over wild-type lignin (3%). C units decrease similarly in
both transgenic lignins (5%) compared to wild-type lignin (7%)
as a result of the lower syringyl content; although units C can
derive from coniferyl or sinapyl alcohols, the longer lifetime
of sinapyl alcohol radical results in higher C contents in
high-syringyl lignins; e.g. 2% in spruce (a softwood derived
predominantly from coniferyl alcohol), vs. 5% in beech (a
hardwood derived from both coniferyl and sinapyl alcohols).36

Cinnamyl alcohol endgroups X increase a few percentage
points for both COMT transgenic poplars over wild-type. No D
or H units are detectable in wild-type lignin but are present in
both transgenic lignins. The 5-hydroxyconiferyl alcohol-derived
benzodioxane units H are the second most abundant inter-
unit type in the COMT transgenic (18%) and the third most
abundant interunit type in the antisense COMT transgenic

Table 1 Quantitative subunit ratios derived from volume integrals
of contours in the side-chain region of 13C–1H correlation (HMQC)
spectra of acetylated lignins

Lignin Unit type (relative proportion)

Poplar A B C D H X Σ(β-ethers) c

COMT-silenced a 53 13 5 6 18 5 78
COMT-antisense b 65 12 5 3 10 4 78
Control 88 3 7 0 0 2 88
a Sense-suppressed COMT down-regulated poplar.13 b Antisense COMT
down-regulated poplar.9 c Σ(β-ethers) = A � D � H.

2940 J. Chem. Soc., Perkin Trans. 1, 2001, 2939–2945



Fig. 2 2D 13C–1H correlative NMR spectra (360 MHz) of acetylated lignins. [(a)–(d)] Gradient-selected 2D HMQC spectra of acetylated lignins
from (a) a synthetic lignin derived from coniferyl alcohol; (b) the wild-type poplar; (c) the antisense COMT transgenic poplar; (d) the sense-
suppressed COMT transgenic poplar. [(e) and (f )] 2D HMQC-TOCSY (125 ms TOCSY mixing time) spectra of lignins from (e) the wild-type
poplar; (f ) the sense-suppressed COMT transgenic poplar. For β-ether A units, syn- (= threo-) and anti- (= erythro-) isomers 47 are indicated;
syn-isomers are characterized by one high-field (<4 ppm) γ-proton. × = symmetrical artifacts from an intense methoxy signal.

(10%) following phenylcoumaran B units (12%). Since the
acetone-soluble lignins analyzed by NMR represent about 80%
of the total lignin in the sense-suppressed COMT transgenic

and 64% in the antisense COMT transgenic, it seems logical
that the benzodioxanes would remain major components of
the lignins even if preferentially partitioned by the isolation
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process. Interestingly despite the two COMT transgenic lignins
compositional differences, their total β-ether frequencies (nor-
mal β-ether A plus dibenzodioxocins D plus benzodioxanes H)
are around 78% compared to 88% for wild-type.

An interesting example of COMT-deficiency recently came
to light. In a transgenic arabidopsis up-regulated for ferulate
5-hydroxylase (F5H; the hydroxylase necessary to generate
syringyl units), benzodioxane units H can also be detected in
HMQC spectra.23 Apparently the COMT in these plants is not
able to keep pace with the up-regulated F5H, again resulting in
incorporation of 5-hydroxyconiferyl alcohol into the lignin.
Using the same 2D quantification the H-unit abundance was
determined at 10% in the isolated lignin for that transgenic. As
noted recently, F5H and COMT appear to be a coactive pair of
enzymes required for sinapyl alcohol production.21

The HMQC-TOCSY data (Figs. 2e, f ) complement the
HMQC data and help authenticate assignments of structures.
In these experiments a carbon correlates with directly attached
protons and others within the same proton-coupling network.
Generally, all side-chain protons are within the same coupling
network for any lignin structural unit. Additional data revealed
by the HMQC-TOCSY spectra concern the stereochemistry of
β-ether units and the identity of the γ-carbon/proton pairs in
benzodioxane H units. Lignin-intermediate β-O-4-guaiacyl
ether quinomethanes add water to give equal ratios of syn- and
anti-isomers. By contrast analogous syringyl ether quino-
methanes favor anti-isomers by about 80 : 20.37 Consequently,
the wild-type poplar lignin has predominantly anti-β-ethers
(Fig. 2e), whereas the lignin from the sense-suppressed COMT
transgenic, with a more guaiacyl-rich lignin, like softwoods and
other guaiacyl-rich transgenics,28 has more equal isomer distri-
butions (Fig. 2f ). More detailed assignments of syn- and anti-
isomers for syringyl vs. guaiacyl and etherified vs. free phenolic
units appear possible from the detail observed but will require
the use of much more extensive model compound data than are
currently available. The new benzodioxane H units, which are
also strictly β-O-4 ethers (from initial β-O-4-coupling of
5-hydroxyconiferyl alcohol with a guaiacyl or syringyl unit) are
not reflected in the A peaks, which come only from “normal”
syringyl- and guaiacyl-β-O-4 units.

For the benzodioxane units H, the HMQC-TOCSY (with a
125 ms TOCSY mixing period) shows beautiful correlations
between the α- and β-carbons and the full side-chain proton
coupling network (Fig. 2f ). The α-carbon correlates with its
own α-proton (4.96 ppm), as well as the β-proton (4.36 ppm),
and both γ-protons (4.23, 3.98 ppm). Seen just above these
correlations are the β-carbon correlations to the α-proton, its
own β-proton, and both γ-protons. As was discussed previously
with the HMQC data, the benzodioxane unit H γ-carbon
correlations are masked by β-ether unit A and dibenzodioxocin
unit D γ-carbon correlations and the crucial Cγ–Hγ data for
benzodioxane units H were therefore not available from the
HMQC experiment. The benzodioxane correlations discernible
in the HMQC-TOCSY spectrum reveal the γ-proton chemical
shifts, which compare well with model compound data,22 and
therefore provide further diagnostic evidence for the presence
of benzodioxanes in the COMT transgenic lignins.

3D TOCSY-HSQC NMR spectra

Three-dimensional (and/or higher-dimensional) NMR experi-
ments are routinely applied to labeled proteins. Some success
has come from applying the 3D HMQC-TOCSY (with one 13C
and two 1H axes) to synthetic lignins,27 and to uniformly 13C-
enriched lignins,38,39 but these papers suggest that such experi-
ments are difficult with real isolated unlabeled lignins. Fig. 3
shows the first 3D gradient-selected TOCSY-HSQC spectrum
of a natural 13C-abundance lignin. It is the acetylated lignin
from the sense-suppressed COMT transgenic taken on a high
magnetic field 750 MHz instrument. In less than 24 hours, the

3D experiment provided ample sensitivity to authenticate all of
the major units in the natural 13C-abundance sense-suppressed
COMT transgenic lignin. Analogous experiments run on a
360 MHz instrument over 60 h were similarly successful. In the
3D TOCSY-HSQC experiment, spectra are acquired with three
orthogonal dimensions, labeled F1, F2, and F3. The acquired
dimension is F3 (proton). F2 is carbon and F1 is proton. A slice
in the F2–F3 plane is basically a 2D 13C–1H HSQC spectrum at a
given proton chemical shift (defined by the position along the
proton F1 axis). 2D F2–F3 projections/slices for the prominent
structures in the lignin are shown in Figs. 3d–g. The slices show:
a) the 3D contour map; b) a 2D HMQC for comparison with c)
the first 2D slice in the F2–F3 plane (which is essentially a 2D
composite spectrum of all the units on all the other planes);
d–g) F2–F3 slices at various proton frequencies (in F1) showing
almost perfect isolation of the major structural units in HSQC-
type sub-spectra.

When a proton frequency is unique to a given structure,
a “pure” F2–F3 slice and HSQC of only that structure can
be obtained. F2–F3 slices for both the β-aryl ether A units
and phenylcoumaran B units at their respective α-proton fre-
quency along the proton F1 axis show this phenomenon nicely
(Figs 3d, e). Only 13C–1H correlations for the given unit are seen
in each slice. Fig. 3d is a “pure” slice of β-aryl ether A units at
the α-proton frequency of 6.05 ppm. This slice shows both
syn- and anti-β-ether isomers. Slices either side of this slice
(not shown) resolve syn- from anti-isomers. Fig. 3e is a “pure”
slice of phenylcoumaran B units at the α-proton frequency of
5.62 ppm. However, a “pure” F2–F3 slice of the resinol C
units is not obtainable at any of its proton frequencies. The
best slice represents resinol C units at its β-proton frequency
of 3.09 ppm (Fig. 3f ). At this particular frequency some
saccharide/methoxy peaks are also detected but the slice
uniquely isolates all of the resinol C units. The F2–F3 slice
of the new benzodioxane structure is spectacular with its
α-, β-, and γ-correlations fully resolved (Fig. 3g). In the 3D
experiment, the γ-correlations of benzodioxane in the F2–F3

plane are nicely resolved and isolated from the plane at its
α-proton frequency (5.01 ppm) as well as at the β-proton fre-
quency (∼4.47 ppm; not shown) along the F1 axis. By obtaining
a “pure” slice, there is no ambiguity between correlations of
different structures. For example, the γ1- and γ2-correlations of
the benzodioxane units that are unresolved from the γ1- and γ2-
correlations of the β-aryl ether A units and the dibenzodioxocin
D units in 2D spectra are unique to their respective 3D slices.
This is the first reported identification of a new lignin com-
ponent using 3D NMR experiments at natural abundance. The
data in this slice agree with those from a benzodioxane model
compound.22

Another detail regarding benzodioxane units H, the degree
of etherification, is revealed in the 3D and 2D spectra.
Unfortunately, the ball-milling step in the lignin isolation
process produces extra phenolic groups, so isolated lignins
have a higher phenolic content than natural lignins.40 In
acetylated lignins, units that were free phenolic in lignin
become phenol-acetylated, whereas those that were originally
etherified remain so. Phenol acetylation causes Hα in H units
to move to a lower field (higher ppm). Thus, unetherified
units have Hα at 5.04 ppm, whereas etherified units are at
4.96 ppm. The 2D slice for the 3D experiment shown in Fig.
3g has only a trace of correlations for the acetylated com-
ponent. Other slices reveal slightly more. However, it appears
that the benzodioxane units H are substantially etherified
and therefore have been fully integrated into the polymer by
further monolignol coupling reactions during lignification.
Monomer substitution (5-hydroxyconiferyl alcohol for sinapyl
alcohol) therefore appears to have been successfully accom-
modated in these transgenics, refuting the recent claim that
“the free interchange of monomeric units in any biopolymer
assembly” is unprecedented.41 The substitution of -fucose
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Fig. 3 3D NMR (750 MHz) “isolation” of the major units in COMT-deficient transgenic poplar lignins. (a) A 3D gradient-selected TOCSY-HSQC
spectrum (70 ms TOCSY mixing time) of a natural 13C-abundance lignin (acetylated) from the sense-suppressed COMT transgenic; (b) 2D gradient-
selected HMQC spectrum; (c) the first F2–F3 plane which is essentially a 2D 13C–1H HSQC spectrum; (d)–(g) 2D F2–F3 slices for the major structural
units (A, B, C, and novel H).

with -galactose in fucose-deficient mur1 mutants of arab-
idopsis is a previously documented monomer substitution
occurring in polysaccharides,42 where the polymer bio-
synthesis is more highly structurally controlled than in
lignification.43

Conclusions
Many recent studies have shown that altering the expression of
genes specific to the lignin biosynthetic pathway produces pro-
found alterations in plant lignins. Our results demonstrate that
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the manipulation of the monolignol supply for the purposes
of changing lignin composition has been successful in poplar.
Specifically, the down-regulation of caffeic acid O-methyl-
transferase (COMT) through either sense-suppression or
antisense results in changes in the syringyl and guaiacyl
components, and in the incorporation of 5-hydroxyconiferyl
alcohol as a monolignol into the poplar lignin polymer pro-
ducing lignins with novel units (benzodioxanes) in substantial
quantities. The presence of these novel units in isolated lignins,
as revealed by diagnostic 2D and 3D NMR experiments,
indicates that the plant is capable of sending intermediate
monolignols such as 5-hydroxyconiferyl alcohol out into the cell
wall for incorporation. The resulting plants are phenotypically
normal and healthy indicating no detrimental impact of such
compositional shifts on the water transport and mechanical
strengthening roles of lignin. The realization that novel units
such as benzodioxanes can be tolerated in lignins should
encourage further research into bioengineering plants with
broad compositional changes in their lignins in order to achieve
enhanced cell wall digestibility and/or reduction of negative
environmental impacts of chemical pulping and bleaching
related to papermaking.

Experimental

General

All reagents were purchased from Aldrich. The 2D (two-
dimensional) NMR spectra were taken on a Bruker DRX-360
instrument fitted with a 5 mm 1H/broadband gradient probe
with inverse geometry (proton coils closest to the sample). The
conditions for all samples were ∼100 mg of acetylated lignin in
0.4 ml of acetone-d6, with the central solvent peak as internal
reference (δH 2.04, δC 29.80). Experiments used were standard
Bruker implementations of gradient-selected versions of inverse
(1H-detected) heteronuclear multiple quantum coherence
(HMQC), HMQC-total correlation spectroscopy (HMQC-
TOCSY), and heteronuclear multiple bond correlation
(HMBC) experiments. The TOCSY spin lock period was 125
ms; the HMBC experiments used a 100 ms long-range coupling
delay. The 3D (three-dimensional) NMR experiment was
acquired on a Bruker DMX-750 instrument fitted with a 5 mm
triple-resonance (1H, 13C, 15N) gradient inverse probe. The 3D
gradient-selected TOCSY-HSQC experiment was trivially
modified to a two-channel version from “mlevietf3gs3d” (a 3
channel experiment). The TOCSY spin lock period was 70 ms
in this case; 2D TOCSY experiments indicated that 70 ms also
provided suitable TOCSY transfer especially for new benzo-
dioxane structures. Other conditions were kept the same as
those stated above. Carbon/proton designations are based on
conventional lignin numbering (see structures in Fig. 1). Lignin
sub-structures are labeled by the convention established in a
recent book chapter.27

The synthetic lignin used in Fig. 2a was prepared by the
action of peroxidase and hydrogen peroxide on coniferyl
alcohol in which the methoxy was specifically 13C-depleted and
trideuterated (from a previous study).44

Plant materials and lignin isolation

Two independent sets of COMT-deficient poplar (Populus
tremula × P. alba) samples were examined. Wild-type controls
from both sets of samples were similar. The two COMT-down-
regulated transgenic poplars resulted from different down-
regulation mechanisms: (a) a Populus tremula × P. alba cv. 717
1-B4 transformed via Agrobacterium tumefaciens containing
an antisense COMT cassette resulting in a line (ASB10B)
with suppressed COMT activity,9,12 and (b) an attempted
sense overexpressed transgenic line (70SOMT-3) with a double
35S promoter where COMT activity was negligible due to a
gene-silencing phenomenon.13

Lignin isolation from the control and antisense-COMT
poplars was essentially as previously described.28,45 Debarked
stems were collected from 6-month-old poplars, ground, and
extracted with water, methanol, acetone, and chloroform. The
isolated cell walls were ball-milled, digested with crude
cellulases, and extracted into 96 : 4 dioxane–H2O. The isolated
lignins represented 65 and 64% of the total lignin in the control
and antisense-COMT poplars. A portion (200 mg) of the
dioxane soluble lignin was acetylated overnight and washed
with water–EDTA to remove trace metal contaminants.45

Isolated lignins from sense-suppressed COMT poplar pre-
viously described 12,46 were also used for NMR analysis. A
portion (150 mg) of the isolated lignin was acetylated (as above)
and partitioned into acetone-soluble and insoluble fractions.
The acetone-soluble fraction (used for NMR) represented 82%
of the original isolated lignin.
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